Study Design. Retrospective. Objective. The purpose was to categorize and evaluate intraoperative monitoring (IOM) failure to detect neurologic deficits occurring during spinal surgery. Summary of Background Data. The efficacy of spinal cord/ nerve root monitoring regarding undetected neurologic deficits is examined in a large, single institution series involving all levels of the spinal column and all spinal surgical procedures. Methods. Multimodality IOM included somatosensory-evoked potentials (SSEPs), descending neurogenic-evoked potentials (DNEPs), transcranial motor-evoked potentials (MEPs), dermatomal somatosensory-evoked potentials (DSEPs), and spontaneous and triggered electromyography (spEMG, trgEMG). We reviewed 12,375 patients who underwent surgery for spinal pathology from 1985 to 2010. There were 7178 females (59.3%) and 5197 males (40.7%); 9633 (77.8%) primary surgeries and 2742 (22.2%) revisions. Procedures by spinal level were cervical 29.7% (3671), thoracic/thoracolumbar 45.4% (5624), and lumbosacral 24.9% (3080). Age at surgery was > 18 years -72.7% (8993) and < 18 years -27.3% (3382). Results. Forty-five of the 12,375 patients (0.36%) had false negative outcomes. False negative results by modality were as follows: spEMG (n ¼ 22, 48.8%), trgEMG (n ¼ 8, 17.7%), DSEP (n ¼ 4, 8.8%), DNEP (n ¼ 4, 8.8%), SSEP (n ¼ 3, 6.6%), DSEP/ spEMG (n ¼ 3, 6.6%), and trgEMG/spEMG (n ¼ 1, 2.2%). Thirtyseven patients had immediate postoperative deficits unidentified by IOM; 30 patients (81%) involved nerve root monitoring, four patients had spinal cord deficits, and three patients had peripheral sensory deficits. Eight patients had permanent neurologic deficits, six (0.048%) were nerve root and two (0.016%) were spinal cord in nature. Conclusion. Despite correct application and usage, IOM data failed to identify 45 (0.36%) patients with false negative outcomes out of 12,375 surgical patients. Eight patients (0.064%) of these 45 patients had permanent neurologic deficits, six patients had nerve root deficits in nature and two patients had spinal cord deficits. Although admittedly small, this represents the risk of undetected neurologic deficits even when properly using IOM. Deficits are at a higher risk to remain unresolved when not detected by IOM.
I
ntraoperative neurologic monitoring (IOM) for spinal surgery was first developed over 35 years ago to detect and prevent iatrogenic neurologic deficits. Somatosensory evoked potentials (SSEPs) were the first modality used to monitor spinal cord function in the operative setting. The utility of the method was established and became a standard of care in the surgical treatment of spinal deformity. Literature reports describing the failure of SSEPs to detect motor paralysis spurred investigation into the use of an additional method to assess motor tracts of the spinal cord. [1] [2] [3] This led to the development of intraoperative nerve root monitoring that included use of dermatomal SSEPs and later, spontaneous and triggered electromyography (spEMG, trgEMG). New methods, such as those mentioned, have largely been additions rather than replacements of specific modalities. To a large extent, this has significantly improved sensitivity and specificity of IOM; multimodality monitoring is now the accepted standard of care. [1] [2] [3] [4] [5] [6] [7] [8] [9] The fact remains, however, that no one IOM technique is perfect. False negative outcomes, although rare, still occur.
The patient population in this article was used in a previously published article by the present authors. 4 Involving 12,375 spinal surgeries at a single, large, multidisciplinary institution, it encompassed a varied surgical population representing the entire diagnostic spectrum of spinal pathologies. That study examined true positive events identifying a potential for neurologic deficit, highlighting the unique and varying neurologic risk factors in the largest series of monitored spinal surgeries from a single institution.
Part two of this retrospective analysis now focuses on the failure of intraoperative monitoring to detect an intraoperative neurologic deficit, termed a false negative outcome, in this same patient population. Our purpose is to determine the incidence of false negative IOM findings and the relationship to postoperative neurologic status.
MATERIALS AND METHODS
This study was approved by the institutional review board committee before retrospective data collection. The IOM data for 12,375 patients undergoing spinal surgery between January 1985 and December 2010 were reviewed at a single institution. The subset of patients having false negative IOM findings was analyzed. Surgeries were performed at three hospitals by one of 11 orthopedic spine surgeons.
Monitoring was performed by members of one inhouse department. Since inception, each monitoring modality has been utilized with consistent methodology and protocol. SSEPs were utilized for the entire patient population. The posterior tibial nerve, the femoral nerve, and/or sciatic nerve were used for lower extremity evaluation. Ulnar and/or median nerves provided upper extremity information. Stimulation was generated using surface electrodes at each site, the cathode being 2-3 cm proximal to the anode. Responses were recorded across the somatosensory cortex using subdermal needle electrodes (12 mm) placed at C1, C2, CZ, C3, and C4 in accordance with the international 10-20 electrode system. Data were also recorded from a subcortical location at the occiput (Table 1) .
Descending neurogenic evoked potentials (DNEPs) were used during any procedure involving the thoracic spine. Four different techniques were utilized to elicit a DNEP response: (1) Percutaneous stimulation: External placement of two 75-mm needle electrodes onto consecutive cervical laminae; (2) Spinous process stimulation: Placement of two 12-mm, 24-gauge needle electrodes into the spinous process of two consecutive proximal spinal levels in the wound; (3) Epidural stimulation: Placement of a flexible stimulating catheter within the epidural space. This was accomplished with a small incision in the ligamentum flavum at the proximal end of the surgical site. The catheter was then threaded cranially to insure stimulating above surgical levels; and (4) Disc space stimulation: Placement of two 12-mm, 24 gauge needle electrodes into the lateral disc space of two consecutive spinal levels. This technique was used, as needed, for anterior spinal fusions.
All DNEP responses were recorded bilaterally from the sciatic nerve at the popliteal fossa. A constant current or voltage was applied until a repeatable response could be obtained with minimum stimulation intensity. Muscle relaxation was required to prevent any stimulation-induced movement of paraspinous musculature and to limit any muscle artifact in the response (Table 1) .
Transcranial electrical motor evoked potentials (TCeMEPs) were primarily utilized during cervical cases. TCeMEPs were also used in other cases involving the spinal cord based on surgeon preference. Stimulation of TCeMEPs was performed using two corkscrew electrodes placed subcutaneously over the motor cortex at C3 and C4. Stimulation intensity was incrementally increased until a compound muscle action potential (CMAP) was obtained from each muscle recording site. Upper extremity TCeMEP responses were recorded from the deltoids, flexor/extensor carpi radialis, and/or the abductor digiti minimi/abductor pollicis brevis muscles. Lower extremity responses were recorded from the anterior tibialis, medial gastrocnemius, and/or the extensor hallucis longus muscles. All responses were recorded using subdermal needle electrodes. The threshold voltage required to elicit a CMAP was recorded as the baseline value for each individual muscle group. Baselines were obtained immediately after exposure and after ensuring the patient had four strong twitches. Warning criteria was established as an increase in threshold intensity by a minimum of 100 V over baseline values.
SpEMG was used during surgeries involving the lumbar spinal nerve roots. Subdermal needle electrodes were placed in muscle groups dependent upon the spinal levels at risk during surgery: T6-T12-rectus abdominis; L1-iliopsoas; L2-adductor longus; L3, L4-vastus medialis and lateralis; L5-anterior tibialis, extensor hallucis longus; S1-medial gastrocnemius; peroneus longus; and S2-S5-perianal musculature. Continuous, real time information was evaluated to determine potential nerve root compromise. EMG activity patterns are classified as ''burst'' or ''train.'' Burst activity is a single nonrepetitive discharge. Train activity refers to a prolonged, repetitive neurotonic discharge. Either EMG response may be indicative of potential nerve root irritation. All forms of activity are noted and the information relayed to the surgeon. Responses were recorded with a paired technique using subdermal needle electrodes. Filter settings were 2Hz-5 kHz and amplifier sensitivity was set at 20 mV.
TrEMG was used to verify placement of pedicle screws in the lumbar spine and the thoracic spine up to T6. After screws were placed, an alligator clip (the cathode), was applied to the head of each screw. A subdermal needle electrode (the anode), was placed in the paraspinous musculature to act as a reference. A constant current stimulus (rate 1.0 Hz, duration 0.3ms) was then applied in an ascending manner until a CMAP from the corresponding myotome was obtained. CMAPs were recorded using a paired montage in each muscle group. Responses were obtained with filter settings of 10 Hz to 20 kHz, amplifier sensitivity of 50 mV per division, and a 50ms time base. Threshold responses met warning criteria as a function of misdirection. A possible malpositioned screw had a ''low'' threshold of between 8.0 and 4.0 mA. A screw with a threshold of 4.0 or less was considered a probable risk for medial wall breach. The surgeon removed pedicle screws exhibiting low thresholds upon stimulation for further inspection. The pedicle tract was then thoroughly palpated to verify any possible defects.
Dermatomal SSEP (DSEP) monitoring was used to assess lumbar nerve root function. Data were obtained by stimulating specific dermatomal fields with patch electrodes. Data were recorded according to standard SSEP technique.
Anesthetic protocols varied according to procedure, patient variables, and anesthetic guidelines. Intraoperative monitoring was a consideration in all surgeries using the following guidelines:
Halogenated agents were maintained at 0.5 MAC end-tidal volume Nitrous oxide used at 50% end-tidal volume Narcotics or hypnotics were administered as drip infusions When utilized, relaxants were given as repeated bolus injections to maintain desired level of muscle relaxation Use of transcranial MEP monitoring required total intravenous anesthesia with no muscle relaxant administered beyond intubation of the patient Use of muscle relaxant was suspended when triggered and spontaneous EMG was utilized. Four strong twitches were considered optimal for recording any EMG data.
False negative outcomes were identified either with a positive Stagnara wake-up test done intraoperatively, or on final wake-up after completion of wound closure before the patient left the operating room. False negative pedicle screw stimulation values were identified with either pedicle tract palpation, or intraoperative radiography. A false negative finding is defined as an absence of significant monitoring changes in the presence of a new postoperative neurologic deficit. Triggered EMG false negative outcomes are defined as ''acceptable'' stimulation intensities with verified extraosseous screw placement.
RESULTS
The patient population included 7178 females and 5197 males. Patient ages ranged from 2.7 years to 89.2 years. At the time of surgery, 8993 patients were 18 years or older and 3382 patients were less than 18 years of age. The median age was 32.9 years. There were 9633 primary surgeries and 2742 revision procedures. Surgical procedures categorized by spinal level were as follows: Individual diagnoses were grouped into larger subcategories of deformity, degenerative disease, pathologic disease, and trauma. The deformity and degenerative categories were further divided into primary versus revision procedures (Table 2) .
Forty-five or 0.36% (45/12,375) patients had false negative IOM results. The incidence is broken down by specific monitoring modality in Table 3 . In the immediate postoperative period, 37 of these 45 patients demonstrated neurologic deficits. Thirty patients had nerve root deficits. Four patients awoke with spinal cord deficits; two of these had complete motor and sensory paraplegia, one had upper extremity monoplegia, and the remaining patient had unilateral lower extremity motor paralysis. Three patients awoke with peripheral sensory deficits. The final eight false negative findings were misdirected pedicle screws, confirmed with intraoperative radiographs. These patients had no postoperative neurologic issues. Thirty four (75.6%) of the false negative results were primary surgeries (0.35% of 9633) and 11 (24.4%) were revision procedures (0.4% of 2742) ( Table 2) . Operative cases were also categorized by spinal level (Table 4) , and procedures involving the thoracolumbar spine made up the majority of false negative outcomes with 48.9% (n ¼ 22), followed by lumbosacral spine surgeries that comprised 37.8% (n ¼ 17) of the false negatives. Together these two categories accounted for 86.7% of false negatives. Three patients (6.6%) had cervical procedures; three patients (6.6%) had surgeries involving the cervicothoracic or thoracic region.
Eight of the 45 patients had permanent neurologic deficits not detected by intraoperative monitoring, or 0.064% of the total population (8/12,375). Six (0.048%) of the permanent neurologic deficits were of nerve root origin, two (0.016%) were spinal cord in nature ( Table 5 ).
Sixteen of the 45 patients (35.5%) having either false negative findings or new neurologic deficits had some degree of preexisting motor or sensory deficit. Nine patients had motor/nerve root weakness, four patients had weakness with associated numbness, two patients had dysesthesia, and one patient was incontinent. Thirteen patients (29.0%) presented preoperatively with complaints of pain without a deficit. The remaining 16 patients (35.5%) were considered neurologically within normal limits before surgery.
DISCUSSION
The function of intraoperative monitoring is to continually evaluate the neural structures potentially at risk during spinal surgery and with adequate advance notice, avert permanent deficit. The field and scope of intraoperative monitoring has progressed through the past forty years, becoming an accepted standard of care for the majority of spinal surgeries. Multimodality monitoring has decreased the incidence of postoperative neurologic deficits. [1] [2] [3] [4] [5] [6] [7] [8] [9] Regardless of the expansion of IOM techniques to meet the demands of neurologic risk factors in spinal surgery, failures in each modality are still reported. 3, [10] [11] [12] [13] There were 45 false negative IOM results in 12,375 spinal surgery patients at this institution (0.36%). The majority of neurologic deficits in the immediate postoperative period (82.2% of the 45 patients) were directly related to nerve root monitoring. Spontaneous EMG monitoring failures comprise 86.6% of these patients (26/30). Unlike most, if not all other IOM techniques, this is ''real time'' monitoring. The process consists of essentially passive recording of activity from selected myotomes. Activation of a nerve root is generated within the wound by any number of surgical variables. All noted activity is reported to the surgeon. Decisions about altering the surgical process are made in the context of each occasion and surgical procedure. Because these data are not elicited, quantification is not possible. In addition, activity patterns are not always a reflection of incipient danger to a nerve root. There is also evidence that gradual or indirect stretch or compression of a nerve root does not always result in neural firing.
14 This combination of factors results in a basic weakness of the technique as an IOM application. Further effort needs to be focused on redefining response quantification or developing additional nerve root monitoring methods. Fortunately, only six nerve root deficits were permanent. With the exception of one patient with a nonfunctioning quadriceps after a pedicle subtraction osteotomy, the remaining five permanent nerve root deficits were all some degree of absent or weak unilateral dorsiflexion. Conversely, triggered EMG monitoring has proven much more accurate in predicting malpositioned pedicle screws. Eight screws in this study tested with acceptable threshold levels, yet were found to be extraosseous upon radiographic evaluation. Despite ''safe'' threshold values, all eight screws were identified as misdirected intraoperatively. No misplaced screw caused a postoperative neurologic deficit. It could be conservatively estimated that 40,000 to 50,000 pedicle screws have been safely inserted without permanent neurologic deficit in this study population. Utilizing intraoperative radiographic confirmation in conjunction with triggered EMG monitoring optimizes safe pedicle screw placement.
Techniques used to monitor sensory and motor tracts in the spinal cord have an equally high success rate in identifying potential deficits. False negative reports of SSEP and MEP monitoring are increasingly rare, strengthening the argument for the efficacy of multimodality application. Four patients had spinal cord deficits in the immediate postoperative period, two of which were permanent. Both of these patients had classic motor only paraplegia with preserved sensory function. DNEPs accounted for all four spinal cord false negative outcomes. It has been firmly established that the DNEP does not directly monitor the corticospinal motor tracts of the spinal cord. 15 Despite limitations, our experience with DNEP monitoring has been extremely positive. This is clearly illustrated in the previously presented and published true positive portion of this study. 4 DNEP data identified 91 of the total 386 patients having potential neurologic deficits. As always, risk and limitation should be well understood when using DNEP monitoring instead of accepted MEP techniques. The use of DNEP monitoring at this institution is related to multiple factors. The emphasis on spinal deformity surgery here initially drove the development of DNEP monitoring. The neurogenic nature of the recording dovetails easily with the anesthetic requirements for SSEP monitoring. Our success with the technique continues to instill confidence in these data and a surgeon based preference for this type of monitoring. The advent of TCeMEPs has led to the gradually increasing use of this method at our institution. This technique is the accepted standard for any spinal cord surgeries (i.e., intramedullary or intradural tumors). We had no false negative outcomes when using TCeMEP monitoring. Our experience with this technique in the current patient series is primarily in the cervical spine. SSEPs were the one modality used in all 12,375 cases. Three patients had peripheral sensory deficits, all of which recovered. As in the first part of this retrospective analysis, the SSEP has proven to be one of the most effective techniques used in multimodality monitoring.
Thoracolumbar and lumbosacral spine surgeries comprised 86.7% of the 45 false negatives. This is not surprising considering they accounted for 65% of the total population, and that nerve root monitoring made up the majority of all false negative outcomes.
Unlike our patients with true positive IOM findings, the differences in frequency of false negative outcomes in primary versus revision procedures were negligible. The incidence of false negative results in primary surgeries was 0.35% (34/ 9633) and the incidence in revision surgeries was 0.40% (11/ 2742) ( Table 2 ). There was also no correlation between preexisting neurologic deficits and the incidence of false negative monitoring outcomes. Thirty-five percent of these patients (16/45) had preoperative neurologic deficits, 35% (16/45) had normal neurologic exams, and 29% (13/45) presented exclusively with symptoms of pain.
The total number of permanent deficits undetected by monitoring is small (n ¼ 8). However, there is a statistically significant probability that undetected neurologic injury will be permanent (P ¼ 0.0011). The 15 true positive patients with permanent neurologic deficits represent 3.88% of the total 386 identified with IOM. 4 Conversely, the eight false negative patients with permanent deficits comprise 17.7% of the total 45 not identified by IOM. This further underscores the need to maximize the utility of all IOM techniques to detect and prevent neurologic complications. Limitations of our study are that it is a retrospective review and from a single center. However, we feel that the large number of patients included provides a good representation of neurologic risk and false negative outcomes. Other centers that have less experience with certain monitoring techniques and with the magnitude of surgeries done at this center may report different results.
CONCLUSION
We have presented our experience with false negative outcomes in 12,375 patients spanning 25 years. Despite correct application and usage, IOM data failed to identify 45 (0.36%) patients with new postoperative neurologic deficits. Eight (0.065%) of these patients had permanent neurologic deficits, six of which were nerve root, and two were spinal cord in nature. The ability to identify, intervene, and reverse possible neurologic sequelae factors significantly in to avoiding permanent injury.
No one monitoring modality is without limitations. Although false negative outcomes are possible, the occurrence is rare. Techniques used to specifically monitor spinal cord function are more efficacious, demonstrating the smallest number of false negative outcomes (0.032% , 4/12,375). Monitoring nerve root function with spontaneous electromyography had the highest incidence of false negative results. Advancement in the sensitivity of available techniques and investigations into new modalities are warranted to improve sensitivity to neurologic risk in this area.
Key Points
A total of 12,375 patients who underwent various spinal surgeries and multimodality IOM were reviewed. Forty-five (0.36%) patients had false negative outcomes. Approximately, 82.2% (n ¼ 37/45) had false negative results involving nerve root monitoring. Eight out of 45 patients (0.064%) had permanent neurologic deficits. There is a statistically significant probability (P ¼ 0.0011) that a neurologic deficit undetected by IOM will be permanent.
